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Retrospectively, we investigated the epidemiology of a massive Salmonella enterica serovar Typhi outbreak in Zambia during
2010 to 2012. Ninety-four isolates were susceptibility tested by MIC determinations. Whole-genome sequence typing (WGST) of
33 isolates and bioinformatic analysis identified the multilocus sequence type (MLST), haplotype, plasmid replicon, antimicro-
bial resistance genes, and genetic relatedness by single nucleotide polymorphism (SNP) analysis and genomic deletions. The out-
break affected 2,040 patients, with a fatality rate of 0.5%. Most (83.0%) isolates were multidrug resistant (MDR). The isolates
belonged to MLST ST1 and a new variant of the haplotype, H58B. Most isolates contained a chromosomally translocated region
containing seven antimicrobial resistance genes, catA1, blaTEM-1, dfrA7, sul1, sul2, strA, and strB, and fragments of the incompat-
ibility group Q1 (IncQ1) plasmid replicon, the class 1 integron, and the mer operon. The genomic analysis revealed 415 SNP dif-
ferences overall and 35 deletions among 33 of the isolates subjected to whole-genome sequencing. In comparison with other ge-
nomes of H58, the Zambian isolates separated from genomes from Central Africa and India by 34 and 52 SNPs, respectively. The
phylogenetic analysis indicates that 32 of the 33 isolates sequenced belonged to a tight clonal group distinct from other H58 ge-
nomes included in the study. The small numbers of SNPs identified within this group are consistent with the short-term trans-
mission that can be expected over a period of 2 years. The phylogenetic analysis and deletions suggest that a single MDR clone
was responsible for the outbreak, during which occasional other S. Typhi lineages, including sensitive ones, continued to cocir-
culate. The common view is that the emerging global S. Typhi haplotype, H58B, containing the MDR IncHI1 plasmid is responsi-
ble for the majority of typhoid infections in Asia and sub-Saharan Africa; we found that a new variant of the haplotype harboring
a chromosomally translocated region containing the MDR islands of IncHI1 plasmid has emerged in Zambia. This could change
the perception of the term “classical MDR typhoid” currently being solely associated with the IncHI1 plasmid. It might be more
common than presently thought that S. Typhi haplotype H58B harbors the IncHI1 plasmid or a chromosomally translocated
MDR region or both.

Typhoid fever is an ancient but still important cause of human
illness, mostly in developing countries with poor sanitation

and a lack of potable water (1). It is estimated that typhoid fever is
responsible for up to 26.9 million annual cases, of which 223,000
have a fatal outcome, predominately among children (2). Typhoid
fever has been reported to have the highest incidence in Asia,
whereas the incidence rate has decreased in Latin America due to
improved sanitation and economic development (3–5). In sub-
Saharan Africa, nontyphoidal Salmonella strains have been re-
ported to predominate in contrast to those causing typhoid fever
(3, 6). Despite this, large outbreaks of typhoid fever are still fre-
quently reported from the sub-Saharan African region (7–10).

Beginning in early November 2010, there were large typhoid
fever outbreaks in Zambia, Zimbabwe, and the Democratic Re-
public of Congo. These outbreaks have to a large extent been over-
looked in a region plagued by many needs and with few resources
(11).

For future surveillance and control of S. Typhi infections in
the region, it is important to know whether the outbreak in
2010 to 2012 was a result of a single novel introduction or
reflected a situation of endemicity with multiple clones and
lineages. Thus, the main purpose of the present study was to

determine the genetic relatedness of contemporary clinical S.
Typhi isolates using whole-genome sequence typing. In addi-
tion, another purpose was to determine if this outbreak was the
result of the presence of the expanding globally dominant H58
haplotype containing the incompatibility group HI1 (IncHI1)
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plasmid type associated with multidrug resistance (MDR) by
investigation of the occurrence and genetic mechanisms of an-
timicrobial resistance and plasmid replicons.

MATERIALS AND METHODS
Epidemiological information. Data associated with a typhoid fever out-
break covering the full outbreak period from January 2010 to September
2012 were extracted from the laboratory records at the University Teach-
ing Hospital (UTH) in Lusaka, Zambia, and used to describe the distri-
bution of cases with respect to gender, age, and time.

Samples and bacterial isolates. In general, stool and blood samples
were subjected to standard microbiological procedures for isolation (see
Text S1 in the supplemental material). All presumptively S. Typhi-posi-
tive colonies were identified by biochemical tests and serogrouping (see
Text S1) and subsequently subjected to an S. Typhi-specific PCR assay for
confirmation (12). Only a small number (n � 94) of S. Typhi isolates were
available for further analysis among the 2,040 cases identified during the
outbreak. The remaining isolates were either not stored or not viable in
Zambia. The 94 S. Typhi isolates available and included the study were
sent to the Technical University of Denmark, National Food Institute
(DTU-Food), for further characterization.

Antimicrobial susceptibility testing. MIC determination was per-
formed on the 94 S. Typhi isolates using a commercially prepared dehy-
drated panel (Sensititre; TREK Diagnostic Systems Ltd., East Grinstead,
England), the agar dilution technique, and E-tests (13, 14). The tested
antimicrobials and classes are listed in Table 1. Clinical and Laboratory
Standards Institute (CLSI) (13) clinical breakpoint interpretative criteria
for resistance (R) were used except for a few antimicrobials for which
epidemiological cutoff values were applied according to EUCAST recom-
mendations (see Text S1 in the supplemental material) (http://www
.eucast.org). Quality control was performed by using reference strain
Escherichia coli ATCC 25922 according to CLSI guidelines (13, 14).

Whole-genome sequencing, multilocus sequence typing, antimi-
crobial resistance genes, and plasmid replicons. Due to sequencing costs
at DTU, it was possible to further investigate only a subset of 33 isolates,
which were conveniently selected for whole-genome sequence typing
(WGST) based on the criterion of ideal coverage of all antimicrobial re-
sistance phenotypes, the different specimen types (stool and blood iso-
lates), and the different years of isolation (2010, 2011, and 2012) (Table 2).

Genomic DNA was extracted from the 33 isolates using an Invitro-

gen Easy-DNA kit (Invitrogen, Carlsbad, CA, USA), and DNA concen-
trations were determined using a Qubit double-stranded DNA
(dsDNA) BR assay kit (Invitrogen). The genomic DNA was prepared for
Illumina pair-end sequencing using Illumina (Illumina, Inc., San Di-
ego, CA) NexteraXT Guide 150319425031942 and following protocol
revision C (http://support.illumina.com/downloads/nextera_xt_sample
_preparation_guide_15031942.html). A sample of pooled NexteraXT li-
braries was loaded onto a Illumina MiSeq reagent cartridge using MiSeq
reagent kit v2 and 500 cycles with a standard flow cell. The libraries were
sequenced using an Illumina platform and MiSeq control software 2.3.0.3.
Twenty-four isolates were subjected to pair-end sequencing, and 6 isolates
were subjected to single-end sequencing. Pair-end sequences ranged in
insertion size from 11 to 129 bp, with an average of 68 bp. The read depth
of the sequences was between 147 to 497 bp, with an average of 259 bp.

Five previously published genomic sequences of haplotypes H58,
AG3, E02-2759, ISP-04-06979, E03-9804, and ISP-03-07467 were ob-
tained from GenBank and the Sanger Institute (accessed 5 April 2013).
Full genomic information is shown in Table S1A in the supplemental
material.

Raw sequence data have been submitted to the European Nucleo-
tide Archive (http://www.ebi.ac.uk/ena) under study accession no.
PRJEB7179 and PRJEB7182. The raw reads were assembled using the
Assemble pipeline (version 1.0) available from the Center for Genomic
Epidemiology (CGE) (http://cge.cbs.dtu.dk/services/all.php), which is
based on the Velvet algorithms for de novo short-read assembly. A com-
plete list of genomic sequence data is available in Table S1A in the supple-
mental material. The assembled sequences were analyzed to identify the
MLST sequence type (ST) for Salmonella enterica, plasmid replicons, and
acquired antimicrobial resistance genes using the pipelines MLST (ver-
sion 1.7), PlasmidFinder (version 1.2), and ResFinder (version 2.1) avail-
able from CGE (15–17).

Transferability of the IncQ1 plasmid replicon by conjugation and
electroporation. Due to the detection of an IncQ1 plasmid replicon,
plate-mating experiments were attempted with four donor S. Typhi iso-
lates, 31, 34, 54, and 71, selected based on phylogenetic (same or distant)
clustering and plasmid-free, rifampin- and nalidixic acid-resistant E. coli
MT102RN bacteria as recipients (18). In addition, the four S. Typhi iso-
lates were subjected to plasmid purification using Qiagen kits (Venlo, the
Netherlands) and electroporation into electrocompetent E. coli DH10B
cells was attempted (see Text S1 in the supplemental material).

TABLE 1 Frequency of resistance per variable (specimen, year of isolation, and whether the isolates were chosen for whole-genome sequence typing
of Salmonella serovar Typhi in Zambian patients)

Variable
Total no. of
isolates

No. (%) of isolates resistant to various antimicrobial agents and CLSI clinical breakpoint values (mg/liter)

AMC
(�32)

AMP
(�32)

CHL
(�32)

CIP
(�0,064)

NAL
(�32)

STR
(�16)

SMX
(�512)

TMP
(�16)

Isolate type
Blood 86 (91.5) 1 (1.2) 85 (98.8) 73 (84.9) 4 (4.7) 3 (3.5) 85 (98.8) 85 (98.8) 85 (98.8)
Stool 8 (8.5) 0 8 (100.0) 5 (62.5) 0 0 8 (100.0) 8 (100.0) 8 (100.0)

Yr of isolation
2010 35 (37.2) 0 35 (100.0) 29 (82.9) 2 (5.7) 2 (5.7) 35 (100.0) 35 (100.0) 35 (100.0)
2011 33 (35.1) 1 (3.0) 33 (100.0) 28 (84.8) 2 (6.1) 1 (3.0) 33 (100.0) 33 (100.0) 33 (100.0)
2012 26 (27.7) 0 25 (96.2) 21 (80.8) 0 0 25 (96.2) 25 (96.2) 25 (96.2)

WGST performed 33 (35.1) 0 32 (97.0) 27 (81.8) 2 (6.1) 2 (6.1) 32 (97.0) 32 (97.0) 32 (97.0)
WGST not performed 61 (64.9) 1 (1.6) 61 (100.0) 51 (83.6) 2 (3.3) 1 (1.6) 61 (100.0) 61 (100.0) 61 (100.0)

Total 94 (100.0) 1 (1.1) 93 (99.0) 78 (83.0) 4 (4.3) 3 (3.2) 93 (99.0) 93 (99.0) 93 (99.0)
a Abbreviations: AMC, amoxicillin plus clavulanic acid; AMP, ampicillin; CHL, chloramphenicol; CIP, ciprofloxacin; NAL, nalidixic acid; SPT, spectinomycin; STR, streptomycin;
SMX, sulfamethoxazole; TMP, trimethoprim; WGST, whole-genome sequence typing. STR, azithromycin, ceftiofur, colistin, florfenicol, neomycin, and spectinomycin results were
interpreted according to EUCAST guidelines on the basis of epidemiological cutoff values. Apramycin results were interpreted according to research results from DTU-Food.
Ciprofloxacin results were also interpreted according to EUCAST guidelines on the basis of epidemiological cutoff values to detect decreased susceptibility. No resistance was
observed for apramycin (MIC � �32 mg/liter), azithromycin (�32 mg/liter), cefotaxime (�4 mg/liter), ceftiofur (�2 mg/liter), ciprofloxacin (high-level resistance [�1 mg/liter]),
colistin (�2 mg/liter), florfenicol (�16 mg/liter), gentamicin (�16 mg/liter), neomycin (�4 mg/liter), spectinomycin (�64 mg/liter), and tetracycline (�16 mg/liter).

Resistant Salmonella Typhi in Zambia

January 2015 Volume 53 Number 1 jcm.asm.org 263Journal of Clinical Microbiology

http://www.eucast.org
http://www.eucast.org
http://support.illumina.com/downloads/nextera_xt_sample_preparation_guide_15031942.html
http://support.illumina.com/downloads/nextera_xt_sample_preparation_guide_15031942.html
http://www.ebi.ac.uk/ena
http://cge.cbs.dtu.dk/services/all.php
http://jcm.asm.org


Identification of the chromosomally translocated MDR region, in-
cluding the IncQ1 island. The lack of plasmids in the four strains could be
a result of chromosomal translocation of the genomic region containing
the IncQ1 plasmid replicon; therefore, genomic DNA was extracted from
isolates 31, 34, 54, and 71 using an Invitrogen Easy-DNA kit for further
analysis. The genomic DNA was prepared for Illumina mate pair sequenc-
ing using the gel-free version of an Illumina Nextera mate pair sample
preparation kit and strictly following protocol revision D and was se-
quenced using an Illumina platform.

Prior to assembly, the data quality was assessed using the FastQC
quality control tool (http://www.bioinformatics.babraham.ac.uk
/projects/fastqc/), and reads with a quality score of below 20 were filtered
out. The genomes of the four strains were assembled using SOAPdenovo2
software (19) by combining paired-end and mate pair raw reads. Subse-
quently, the two integration points of the chromosomally translocated
region were verified by PCR amplification and Sanger sequencing (see
Text S1 in the supplemental material). Amplicons produced from the four
strains were selected for sequencing and shipped to Macrogen Inc. (Am-
sterdam, the Netherlands) for sequencing using the same primers as were
used in the PCR analysis. The genomes of the four strains were reassem-
bled using the CLC bio Workbench by combining the Sanger sequences
with the previously assembled scaffold.

Open reading frames (ORFs) were predicted on the scaffolds using
Prodigal software (20) and were subsequently functionally annotated by
constructing functional profiles for all proteins using the PanFunPro tool
(21).

A functional profile is the combination of all nonrepeating functional
domains in each ORF. The profiles were created by using InterProScan
software to scan the annotated proteins against the collections PfamA,
TIGRFAM, and Superfamily based on hidden Markov models (HMMs)
to identify nonoverlapping functional domains with an E value below
0.001 (21). Through this annotation and analysis, the position of the
IncQ1 replicon fragment was identified in every strain. The respective
scaffolds containing this fragment were further compared to the complete
genome and plasmid pHCM1 of reference strain S. Typhi CT18 (National
Center for Biotechnology Information accession no. AL513382; length of
4,809,037 bp) in order to determine the exact insertion site and the ho-
mology between the strains (see Table S1E and F in the supplemental
material).

Screenings for mutations in DNA gyrase and DNA topoisomerase
IV genes. Each of the 33 S. Typhi genomes was examined for the presence
of mutations in the DNA gyrase gyrA and gyrB genes and in the DNA
topoisomerase IV parC and parE genes (22) by determining single nucle-
otide polymorphisms (SNPs) in comparison with S. Typhi CT18. Addi-
tionally, the gyrA sequences of quinolone-resistant strains (strains 269
and 748) were extracted and translated.

Phylogenetic structure of S. Typhi determined using single nucleo-
tide polymorphisms, calculation of the ratio of nonsynonymous to syn-
onymous evolutionary changes (dN/dS), identification of S. Typhi hap-
lotypes, and genomic deletions. SNPs were determined using the
SnpTree (version 1.1) pipeline available on the CGE website (23). Funda-
mentally, each of the assembled genomes or contigs was aligned against

TABLE 2 Epidemiological features of the 33 whole-genome-sequenced typed isolatesa

Isolate
no. Gender Patient age

Hospital ward
identifier

Clinical
detail(s) Specimen Date of isolation

1 M 9 yrs 08 Enteric fever Blood 6 May 2011
5 M 10 yrs 03 Enteric fever Blood 23 January 2011
6 F 10 yrs 03 Enteric fever Blood 11 February 2011
7 F 4 yrs 03 Septicemia Blood 11 February 2010
8 M 10 yrs 05 Fever Blood 14 January 2010
9 M 4 yrs 04 Enteric fever Blood 11 February 2010
12 M 5 yrs 08 Typhoid Blood 11 May 2010
13 M 9 yrs 05 Typhoid Blood 16 November 2011
14 M 5 yrs 01 Fever Blood 24 November 2010
15 M 3 yrs 08 Septicemia Blood 11 August 2010
31 M 9 yrs 08 Fever Blood 26 November 2010
34 F 7 yrs 05 Enteric fever Blood 19 November 2010
35 M 7 yrs 05 Enteric fever Blood 11 February 2010
36 M 1 yr 11 mos 05 Enteric fever Blood 29 November 2010
42 M 6 yrs 08 Enteric fever Blood 9 January 2010
46 M 6 yrs 06 UTI, malaria Blood 17 November 2010
49 F 10 yrs 01 Enteric fever Blood 8 June 2010
53 M 3 yrs 6 mos 08 Enteric fever Blood 8 April 2010
54 F 10 yrs 05 Enteric fever Blood 23 May 2010
70 F 4 yrs 6 mos 05 Enteric fever Blood 14 February 2011
71 F 4 yrs 05 Enteric fever Blood 21 January 2011
12 F 20 yrs 14 Enteric fever Blood 1 October 2012
225 M Adult 13 Enteric fever Blood 17 February 2012
269 F 15 yrs 02 Enteric fever Blood 13 November 2010
279 M 4 yrs 10 Enteric fever Stool 23 January 2012
361 M 8 yrs 05 Enteric fever Blood 9 March 2012
551 M 8 yrs 05 Enteric fever Blood 21 March 2012
674 F 6 yrs 03 Enteric fever Stool 15 February 2012
739 F 4 yrs 11 mos 01 Enteric fever Stool 23 February 2012
748 M �14 yrs 01 Enteric fever Blood 7 November 2011
911 F 1 yr 11 mos 12 Enteric fever Stool 1 March 2012
1012 F 12 yrs 03 Enteric fever Blood 30 December 2010
1341 M 20 yrs 11 Enteric fever Stool 3 April 2012
a M, male; F, female; UTI, urinary tract infection.
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the reference S. Typhi CT18 genome using the application “Nucmer” of
MUMmer version 3.23 (24). SNPs were identified from the alignments
using “Show-snps” (using option “-Cl1rT”) from MUMmer. Subse-
quently, SNPs were selected that met the following criteria: (i) a minimum
distance of 20 bp between SNPs and (ii) exclusion of all indels. The se-
lected SNPs from assembled genomes were confirmed by SNPs being
called by mapping raw reads to the reference genome using the Burrows-
Wheeler transform (BWA) method (25) and SAMTools (26).

The qualified SNPs from each genome were concatenated to a single
alignment corresponding to a position of the reference genome using an
in-house Perl script. In cases in which SNPs were absent in the reference
genome, they were interpreted as not being a variation and the base from
the reference genome was included (23). The concatenated sequences
were subjected to multiple alignments using MUSCLE from MEGA5 (27).
The final phylogenetic SNP tree was computed by MEGA5 using the max-
imum-likelihood method of 1,000 bootstrap replicates (28) and the Ta-
mura-Nei model for inference (29). All 415 SNPs related to the outbreak
isolates of haplotype H58B are listed in Table S1B in the supplemental
material.

The ratio of the number of nonsynonymous substitutions per nonsyn-
onymous site (dN) to the number of synonymous substitutions per syn-
onymous site (dS) is a measurement of stabilizing selection (30). A ratio of
1 is expected in the absence of selection, and a low ratio (dN/dS of �1)
indicates stabilizing selection, while a high ratio (dN/dS of �1) indicates
positive selection (31). The dN/dS ratio was calculated for each of the core
genes (the genes found in all S. Typhi genomes in this study) using
codeML from the package PAML (32). The approximation of the dN/dS
ratio was an average of the dN/dS values from all core genes.

In contrast to methods previously described by Roumagnac et al. (33),
a whole-genome sequencing approach was used to assigned biallelic poly-
morphism positions (BiP) to all the genomes included this study based on
BiPs in the S. Typhi CT18 reference genome using a python script. All BiPs
are listed in Table S1C in the supplemental material. The haplotype of
each genome was determined by the combination of assigned BiPs using
the haplotype dendrogram by Roumagnac et al. (33), such as haplotype
H58 being defined by BiP36, BiP48, BiP56, and BiP33. Additionally, node
B of haplotype H58 lineage I was determined based on SNP position
1193220 as defined by Kariuki et al. (34).

Indels and deletions were excluded from the SNP analysis; therefore, a
BLAST atlas based on BLASTP (35) was used to visualize the homology in
a comparison of the genomes to the S. Typhi CT18 reference genome in

order to identify potential deletions. The putative deletions were aligned
against Zambian genomes using execrate (36). The hit score was calcu-
lated by multiplying the percent identity by the deletion’s alignment
length and dividing by the deletion’s sequence length. The presence of
deletions in the Zambian genomes was confirmed based on a hit score
with a threshold of at least 95%. The presence or absence of the deletions
was finally visualized in a heat map sorted for comparison according to the
position of the strains in the phylogenetic tree. Details of the genomic
deletions detected in this study are listed in Table S1D in the supplemental
material.

Nucleotide sequence accession number. The raw sequence data have
been submitted to the European Nucleotide Archive (http://www.ebi.ac
.uk/ena) under accession number PRJEB7846.

RESULTS
Epidemiological data. A total of 2,040 cases were identified from
a population of 14.2 million inhabitants during the outbreak from
January 2010 to September 2012, with a median of 48 cases iden-
tified per month (Fig. 1). The number of cases ranged from 1 case
in February 2010 to 246 cases in February 2012. Among the 41
periurban health centers in Lusaka (2.1 million inhabitants), cases
ranged from 1 to 369 cases per center, with a median of 10 cases
per center (Zambia Ministry of Health, internal report).

The overall case fatality rate was estimated to be 0.5% during
the outbreak period (Zambia Ministry of Health, internal report).
The majority of cases (n � 1,771; 87%) occurred in children less
than 15 years of age, ranging from 22 (1.1%) cases among children
less than 8 months of age to 4 cases (0.2%) among patients older
than 61 years (Fig. 2). Most cases (n � 1,200; 58.8%) were ob-
served within the age group between 6 and 15 years of age. The
cases were evenly distributed by gender, with 1,078 (52.8%) male
cases (Fig. 2) (Zambia Ministry of Health, internal report).

Antimicrobial resistance, antimicrobial resistance genes,
plasmid replicons, and the chromosomally translocated MDR
region. The MIC determination of the 94 S. Typhi isolates re-
vealed a high frequency of antimicrobial resistance. Most (83%) of
the S. Typhi isolates exhibited resistance to a core of five antimi-
crobials: ampicillin, chloramphenicol, streptomycin, sulfame-
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thoxazole, and trimethoprim (Table 1). Four (4.3%) of the iso-
lates showed a low level (reduced susceptibility) of resistance to
ciprofloxacin. Of those, three (3.2%) isolates were also resistant to
nalidixic acid. None of the isolates were resistant to the following
antimicrobials: apramycin (approved for veterinary use only), azi-
thromycin, cefotaxime, ceftiofur (approved for veterinary use
only), colistin, florfenicol (approved for veterinary use only), gen-
tamicin, neomycin, spectinomycin, and tetracycline. One isolate
(551) was pansusceptible (Table 1). The frequencies of antimicro-
bial resistance were similar for the submitted stool (n � 8) and
blood (n � 86) samples (Table 1).

Among the 33 WGST S. Typhi isolates, all but the pansuscep-
tible isolate (551) (97.0%) exhibited phenotypic antimicrobial re-
sistance (MIC) to the following antimicrobials: ampicillin, strep-
tomycin, sulfamethoxazole, and trimethoprim. In addition, 27
(81.8%), 4 (12.1%), and 2 (6.1%) of the isolates also exhibited
resistance to chloramphenicol, amoxicillin plus clavulanic acid,
and ciprofloxacin-nalidixic acid, respectively (Table 1).

All 32 resistant WGST isolates contained the following genes:
strA, strB, �aadA1 (aminoglycoside; streptomycin), and blaTEM-1

(beta-lactam; ampicillin). Among the 32 resistant isolates, some
harbored different genes for resistance to drugs within the same
drug class, such as genes for resistance to sulfamethoxazole; for
example, isolates 6, 14, 35, 739, and 1341 contained only the sul2
gene, whereas isolate 5 harbored only the sul1 gene. The remaining
resistant isolates all contained both the sul1 gene and the sul2 gene.
For trimethoprim, isolates 6, 14, 35, 739, and 1341 contained the
dfrA14 gene whereas the remaining isolates all harbored the dfrA7
gene. Of the 32 resistant isolates, all except isolates 6, 14, 35, 739,
and 1341 presented resistance to chloramphenicol and harbored
the catA1 gene.

All 32 resistant WGST isolates were investigated for the pres-
ence of fluoroquinolone resistance associated with mutations in
the quinolone resistance determinant regions (QRDRs) of the gy-
rase and DNA topoisomerase IV genes gyrA, gyrB, parC, and parE
and the plasmid-mediated quinolone resistance (PMQR) genes
qnrA, qnrB, qnrC, qnrD, qnrS, qepA, and aac(6=)-lb. In two strains,
strains 269 and 748, different single mutations in the gyrA QRDR
were detected that led to an amino acid substitution in codon
Asp87 (Asp-Asn) in strain 269 and in codon Ser83 (Ser-Tyr) in
strain 748. This correlates well with their phenotypes, as these
were found to exhibit decreased susceptibility to ciprofloxacin and
resistance to nalidixic acid. The two remaining isolates showing
decreased susceptibility to ciprofloxacin were not among the iso-
lates selected for WGST and therefore were not investigated for
the presence of above-mentioned genes or mutations.

Importantly, according to the results of sequencing analysis
performed using PlasmidFinder, none of the 33 WGST S. Typhi
isolates appeared to possess the globally dominant IncHI1 plas-
mid replicon type normally found in haplotype H58. However,
the analysis revealed 27 isolates containing an IncQ1 plasmid rep-
licon sequence (repC and �repA in Fig. 3). In addition, five iso-
lates, isolates 6, 14, 35, 739, and 1341, contained an IncFIB plas-
mid replicon. One isolate, the pansusceptible 551 isolate, did not
reveal any plasmid replicons.

It was confirmed that �repA and repC, a truncated IncQ1 re-
gion, were present in the plasmid DNA region of all four of strains
31, 34, 54, and 71 in the in silico comparison with the S. Typhi
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FIG 2 Distribution of age and gender in numbers of cases (y axis) among
Zambian patients infected with Salmonella serovar Typhi in January 2010 to
September 2012 (n � 2,040). (Based on data from an internal report of the
Zambia Ministry of Health.)

FIG 3 Overview of the IncHI1 plasmid region of Salmonella serovar Typhi translocated to the chromosome of Salmonella serovar Typhi from Zambia. The top
genetic structure illustrates the multidrug-resistant island of pHCM1/IncHI1 in S. Typhi haplotype H58. The second structure illustrates the recombined
structure of the multidrug-resistant island of the four Zambian S. Typhi strains, whereas the bottom structure indicates the chromosomal translocation site of the
multidrug-resistant island related to Zambian strains.
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CT18 reference strain. Despite the presence of plasmid replicons
in the genomes of the strains, none of them seemed to harbor
complete plasmids that could be transferred or extracted by sev-
eral commercially available kits in vitro. Bioinformatic analysis of
the combined paired-end, mate pair, and Sanger sequencing re-
sults from the four isolates revealed a translocation of the IncQ1
plasmid replicon and the antimicrobial resistance islands from an
ancestral IncHI1 plasmid to identical positions in the chromo-
some of the present Zambian S. Typhi isolates (Fig. 3). The chro-
mosomally translocated region had a size of approximately 23,376
bp (isolate 54), and the chromosome was inserted between bp
3470424 and bp 3472059 and flanked by the cyaY and cyaA genes
according to the S. Typhi CT18 reference genome (Fig. 3). The
gene contents of the four strains were highly similar. The translo-
cated region carried a complete mercury resistance (mer) operon,
a tnpM gene, and an IS3 element flanked the truncated IncQ1
replicon which was succeeded downstream by genes encoding re-
sistance to sulfonamides (sul2) and streptomycin (strA and strB).
These resistance genes were flanked by a transposase gene, tnpB,
and another gene conferring resistance to �-lactams, blaTEM-1.
Between two IS26 inserted sequences, tnpR, a class 1 integron con-
sisting of an integrase gene, int, �aadA1, and dfrA7, was localized
and flanked by genes encoding quaternary ammonium com-
pound resistance, qucE (sulfonamide resistance), sul2 (upstream),
and a transposase, tnpM (downstream). Yet another IS26, a tnpA
element, flanked the integrin cassette further downstream along-
side the GNAT (GCN5-related N-acetyltransferase) and catA1
genes encoding acetyltransferase and chloramphenicol resistance,
respectively (Fig. 3). In addition, the PCR amplification of the two
integration points of the chromosomally translocated region on
the remaining strains revealed that all of the isolates except six,
isolates 6, 14, 35, 739, 1341, and 551, produced amplicons. This
indicates that all of the isolates except those six similarly contained
the chromosomally translocated region.

MLST, haplotypes, dN/dS ratio, and population structure of
S. Typhi-based haplotypes, single nucleotide polymorphisms,
and genomic deletions. Of the 33 S. Typhi genomes, 32 belonged
to MLST ST1 and a new minor variant of haplotype H58 node B of
Kenyan S. Typhi lineage I. As suggested by Mark Achtman (per-
sonal communication), we do not propose a number or a name
for this variant (H58B var.). The genetic evolution of the 32 H58B
var. genomes seems to have represented neutral stabilizing selec-
tion based on core genes, as the dN/dS ratio was 0.94, indicating
limited adaptive evolution and recombination. The pansuscep-
tible 551 isolate belonged to MLST ST2 and haplotype H14.

A phylogenetic SNP tree rooted to the S. Typhi CT18 reference
genome belonging to haplotype H1 with the inclusion of the avail-
able nonoutbreak genomes from sub-Saharan Africa and Asia of
haplotype H58 was reconstructed to investigate the evolutionary
relationships (Fig. 4A). The tree revealed 1,744 high-quality
whole-genome SNPs. Two synapomorphic (i.e., clade-specific)
SNPs were detected among the Zambian genomes (excluding the
genome of strain 551) defining the new minor variant, H58B var.
of haplotype H58B (Fig. 4A, marked in blue). One of the two
synapomorphic SNPs was synonymous at position 4638263, caus-
ing substitution C-T. The other synapomorphic SNP identified
was located at position 789347 in the intergenic region, leading to
the substitution G-A.

The topology of the reference genome S. Typhi CT18 rooted
tree showed that the haplotype H58 outgroup neighbors closest to

the 32 Zambian S. Typhi haplotype H58B var. genomes were ISP-
04-06979 from Central Africa and E02-2759 from India, which
were separated by 34 and 52 SNPs, respectively (Fig. 4A).

A similar reference genome rooted phylogenetic SNP tree that
included the outbreak genomes from Zambia belonging to haplo-
type H58B var. (excluding isolate 551; H14) contained overall 415
high-quality whole-genome SNPs. Among those, 47 were autapo-
morphic (i.e., genome-specific) SNPs (marked in red) and 3 were
synapomorphic (clade-specific) SNPs (marked in blue; two SNPs
defining H58B var. and one at position 2024187 causing substitu-
tion Gly-Ser, representing a clade consisting of four genomes, ge-
nomes 1, 15, 46, and 53) (Fig. 4B). The topology of the SNP tree
revealed three clades of four to six genomes each separated in a
pairwise manner by fewer than 15 SNPs.

Overall, SNPs were relatively frequent among the 32 S. Typhi
isolates of haplotype H58B var., separating individual isolates
from the nearest neighbor with 2 to 62 SNPs of pairwise separa-
tion. The phylogenetic analysis provided evidence for clonal di-
versity among the WGST population, with a large monophyletic
substructure (subclade[s]) that displays clear differentiations.
There was no obvious clustering related to time (year) within the
S. Typhi phylogenetic groups. However, one of the monophyletic
subclades was observed to contain the four isolates 14, 35, 1341,
and 739 —all in concurrence with the variation in antimicrobial
resistance genes and plasmid replicon compared to those of the
remaining WGST isolates (Fig. 4B).

Deletions were relatively common among the 32 WGST ge-
nomes, excluding strain 551 (H14), in comparison with the S.
Typhi CT18 reference genome. Thirty-five deletions were de-
tected among the genomes, ranging in the number of deleted
genes and size from one gene (29 deletions) and deletion D19 (173
bp; STY2210) to six genes (one deletion) and deletion D14 (4,038
bp; STY2181 to STY2186) (Fig. 5; see also Table S1D in the sup-
plemental material). The majority (n � 26; 74%) of the deletions
affected more than 28 of the genomes (Fig. 5). Sparse clustering
was observed among the genomes, where, in particular, genomes 7
and 12 (11-05-2010) and genomes 15 and 9 lacked deletions D2,
D6, D28, D29, and D30. This clustering is in agreement with the
topology of the phylogenetic SNP analysis, whereas the overall
clustering based on deletions was not consistent (Fig. 4B and 5).
One genome, genome 8, was more conserved than the other ge-
nomes, lacking 17 of the 35 deletions.

DISCUSSION

Among the 33 WGST strains, we did not find any replicon for an
IncHI1 plasmid, normally associated with “classical MDR haplo-
type H58” (34). Apart from plasmid replicon IncHI1, only a few
other replicons have been observed in S. Typhi—all in isolates
originating from Pakistan (38). Here, the IncFIA plasmid replicon
seemed to be predominant but IncFIIA, IncP, and IncB/O repli-
cons were also identified.

In this study, we identified 27 S. Typhi isolates containing an
IncQ1 plasmid replicon fragment and five isolates with an intact
IncFIB plasmid replicon. We confirmed by additional Sanger se-
quencing that 4 of 27 IncQ1-positive isolates harbored a chromo-
somally translocated antimicrobial resistance region. Acquisition
of chromosomally translocated regions containing antimicrobial
resistance islands, integrons, and mercury resistance genes has
previously been observed in S. Typhimurium. A unique 82-kb
genomic island, GI-DT12, was recently reported in an S. Typhi-
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murium isolate collected from a human gastroenteritis case. The
region was believed to have been acquired by horizontal gene
transfer and harbored a class one integron, a mer operon, and
several resistance genes believed to contribute to survival ability in
adverse environments (39). This raises the issue of whether the
acquisition of the chromosomal translocated region of the Zam-
bian S. Typhi isolates was the consequence of an adverse environ-
ment due to poor sanitation. Acquisition of fragments of the
IncQ1 plasmid replicon and antimicrobial resistance islands sim-
ilar to those identified in this study has been reported in S. Typhi-
murium and S. Enteritidis evolving from the R27/IncHI1 plasmid
through cointegration with the pHCM1/IncHI1 plasmid of ances-
tral S. Typhi strains (40, 41). However, none of the nontyphoid
Salmonella serovars contained the islands with the catA1 gene and
mer operon as observed in this study, nor did the authors describe
how and where the class 1 integron originated. Interestingly, we
found the entire region from H58 S. Typhi plasmid pHCM1
(GenBank accession number NC_003384; originating from strain
CT18) (42) containing seven antimicrobial resistance genes, frag-
ments of the IncQ1 plasmid replicon (�repA, repC), a class 1 in-
tegron, and the mer operon chromosomally translocated but re-
combined according to the structure described by Miriagou et al.
(41). We suggest that the class 1 integron containing the dfrA7

gene, and first described in the IncHI1 plasmid from S. Typhi in
2003 (43), recently integrated the entire MDR region from an-
other position in an IncHI1 plasmid prior to the chromosomal
translocation. This is, to the best of our knowledge, the first time
that this chromosomal translocation has been observed in S. Ty-
phi. However, it might be more commonly the case than antici-
pated that S. Typhi haplotype H58B harbors the IncHI1 plasmid
or chromosomally translocated antimicrobial resistance islands or
both. It has been hypothesized that a milestone of IncHI1 plasmid
evolution had been reached around 1996 by the acquisition of
increased fitness, with the result that the IncHI1 plasmid has out-
competed all other plasmid types in S. Typhi (44). However, it has
also been argued that plasmid fitness cost must play a role in
maintaining IncHI1 plasmids in S. Typhi. Given the chromosomal
translocation of the IncHI1 plasmid region in this new variant of
S. Typhi H58, we can only speculate as to what effect this will have
with respect to the virulence, transmission, and acquisition of an-
timicrobial resistance genes, e.g., those coding for extended-spec-
trum �-lactamase.

Since historical data on S. Typhi haplotypes are not available
from Zambia, the details concerning the origin, possible introduc-
tion, and transmission to Zambia are unknown. The influx of and
presence of great numbers of Indian immigrants in Zambia and

FIG 4 Phylogenetic reconstruction of the evolutionary relationships among the Salmonella serovar Typhi genomes from Zambia. Numbers marked in red
indicate autapomorphic SNPs (for Fig. 4B), those in blue indicate synapomorphic SNPs, and those in green indicate the total SNP difference between isolates. In
panel A, the genomes belonging to H58B var. from Zambia are marked in pink.
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travel to and from India by those immigrants could have resulted
in the introduction into Zambia of S. Typhi H58B var. carrying the
chromosomally translocated region containing the MDR islands
of the IncHI1 plasmid and the fragment of the IncQ1 plasmid
replicon. However, a more plausible hypothesis is that an ances-
tral S. Typhi H58B strain spread from Kenya to Zambia, where it
evolved early on to S. Typhi H58B var. and acquired the region
containing the MDR islands that included the class 1 integron and
the fragment of the IncQ1 plasmid replicon by translocation from
the IncHI1 plasmid. To test this hypothesis, historical and con-
temporary isolates from Kenya, the sub-Indian continent, and
Zambia need to be further investigated.

The high-resolution phylogenetic SNP analysis of the Zambia
outbreak isolates in relation to the outgroup of nonoutbreak
strains demonstrated that the Zambian S. Typhi outbreak ge-
nomes belonged to a monophyletic group derived from a single
recent common ancestor consistent with a genetic bottleneck and
subsequent radiation into an open niche. The speculation that
such a common ancestor could have originated from India or a
neighboring country was supported by the relatedness to H58
genomes from Central Africa and India, which were separated by
only 34 and 52 SNPs, respectively.

The SNP analysis revealed 2 to 62 SNPs separating the isolates
causing disease, suggesting that multiple lineages were circulating
at the points of introduction. Overall, these data appear to suggest

that the outbreak was caused by a single MDR clone (83% of
isolates) persisting during the outbreak period, while occasional
other S. Typhi lineages, including sensitive ones, continued to
cocirculate. This hypothesis is supported by several studies indi-
cating mutation rates for nontyphoidal Salmonella strains or SNP
differences among outbreaks. Thus, Hawkey et al. suggested a mu-
tation rate of 3 to 5 SNPs per year, which is consistent with the
differences observed among genomes in several of the clades rep-
resenting the outbreak period from 2010 to 2012 (45). This hy-
pothesis is also supported by the differences of up to 30 SNPs
observed among strains in six outbreaks investigated by Leek-
itcharoenphon et al. (46). In contrast, a lower rate of 1 to 2 SNPs
was suggested by Okoro et al. (47), which seems to be a bit low in
relation to our data. It was suggested that the outbreak in Zambia
was a result of environmental changes, poor sanitation, or a high
influx of infected people from neighboring countries. This hy-
pothesis is also supported by the epidemiological data indicating
that typhoid fever is endemic and that the outbreak had been
ongoing for several years with minimal intervention and control
programs.

The high level of resistance to first-line antimicrobials for treat-
ment of typhoid fever is worrisome, as 83% of the isolates were
resistant to five antimicrobial drug classes, aminoglycosides, beta-
lactams, phenicols, sulfonamides, and trimethoprim, and were
classified as being MDR (48). A similar resistance pattern has also

FIG 5 Genomic deletions detected in the Salmonella serovar Typhi genomes from Zambia. Deletions (marked in black) are based on a 95% hit score. Affected
genes are partially or entirely deleted.
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been described to be emerging around the world (34, 48, 49).
Additionally, a high level of resistance in S. Typhi to quinolones
and fluoroquinolones, including resistance resulting from single
mutations in the QRDR of the gyrA gene, has also been reported
(1, 34, 42, 49, 50). In this study, we found 4.3% of the isolates
being classified as nalidixic acid resistant due to single mutations
in gyrA at codon Ser83 or codon Asp87. This is the first time that
this phenotype has been observed in Zambia. This has resulted in
clinicians trying alternative antimicrobial treatment regimens
such as the use of ceftriaxone and azithromycin (3). Treatment
with ceftriaxone in shortened courses has shown significant re-
lapse rates but has also shown ceftriaxone to be a realistic choice as
an alternative drug with clinical cure and good reliability (50).
However, whether resistance to third-generation cephalosporins
has emerged has been debated (51–55). Due to the presence of
MDR and quinolone-resistant isolates, it has been recommended
that developing countries should use azithromycin as a first-pri-
ority drug (1, 48, 50). The development of resistance calls for
restrictive use, avoiding over-the-counter usage and establishing
real-time global antimicrobial surveillance to monitor the devel-
opment of antimicrobial resistance and enabling action to be
taken at as early a stage as possible.

In this report, there is a disconnection between the presenta-
tion of epidemiological data and the selection of only 94 isolates
for MIC and 33 for WGST. Only a limited number of the 2,040
outbreak strains often encountered in working with developing
countries were in fact available for further analysis, as only low
numbers of isolates are stored in normal circumstances. Despite
the low number of strains that were susceptibility tested and
WGST, we believe that the results and findings are valid, but we
also believe that they should be interpreted with care. Thus, the
results of the determinations of the genetic relatedness were be-
lieved to be valid due to the selective criteria of the limited number
of isolates.

The common view is that emerging global S. Typhi haplotype
H58B, containing the MDR IncHI1 plasmid, is responsible for the
majority of typhoid infections in Asia and sub-Saharan Africa; we
found that a new variant of the haplotype harboring a chromo-
somally translocated region containing the MDR islands of In-
cHI1 plasmid has emerged in Zambia. This could change the per-
ception of the term “classical MDR typhoid” currently being solely
associated with the IncHI1 plasmid. It might be more common
than anticipated that S. Typhi haplotype H58B harbors the IncHI1
plasmid or a chromosomally translocated MDR region or both.

The phylogenetic analysis and deletions suggest that a single
MDR clone was responsible for the outbreak during which occa-
sional other S. Typhi lineages, including sensitive ones, continued
to cocirculate.

In addition to the isolates being MDR, a moderate number of
the isolates were also resistant to fluoroquinolones. In general,
there is an urgent need for the global community to take on the
responsibility of assisting developing countries to control emerg-
ing infectious diseases such as typhoid fever by improving sanita-
tion and living conditions or possibly by conducting vaccination
trials and, additionally, to develop easy-to-use real-time whole-
genome sequencing tools to assist tracking those emerging infec-
tious diseases with respect to patterns and clonal spread for con-
trol measurements and, ideally, for predicting local disease hot
spots.
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